Introduction
The weathering of rock surfaces and soil formation are the result of two clearly distinguished processes, cheluviation and soluviation (Swindale & Jackson, 1956 ). In the presence of chelating agents, minerals are decomposed and then eluviated (Schatz et al., 1954; Schatz, 1963) . Lichens excrete various compounds the solubility of which has generally been discounted (Smith, 1921; Hale, 1961; Smith, 1962; Haynes, 1964) . However, more recent studies have shown that at least certain lichen substances, namely depsides and depsidones, are in fact slightly soluble in water (Iskandar and Syers, 1971) and that the presence of electrón donor groups in their respective molecules (Ginzburg et al., 1963; Kononova et al., 1964) might explain the formation of coloured complexes when either the thalli of certain lichens, or relevant lichen compounds, are allowed to react with water suspensions of minerals and rocks (Schatz, 1963; Syers, 1969) . Moreover, it is known that certain lichen compounds can extract varying amounts of aluminium, calcium, iron and magnesium from silicates (Iskandar and Syers, 1972) . More recent observations have shown that certain rock silicates are not only structurally modified in the presence of lichen compounds but that these substances, after promoting the reléase of cations, can give rise to new minerals under natural conditions (Ascaso and Calvan, in press).
That lichens can alter rock surfaces in nature producing new minerals has been discussed by several authors (Bachman, 1907; Polynov, 1945; Aidinyan, 1949; Yarilova, 1950; Schatz et al, 1956) although in all these studies the possibility of extraneous contamination cannot be entirely ruled out. Laboratory studies under rigorously controlled conditions are therefore indispensible for a better understanding of the processes of chemical alteration of rocks and their consequent weathering and the promotion of soil formation. This paper observes and compares rock modifications by lichens in nature and in conjunction with carefully monitored studies in the laboratory.
Material and Methods Material
The lichens used for this study were Parmelia conspersa, Rhizocarpon geographicum and Umbüicaria pustulata, species which can often form a succession or a single association on siliceous rocks given the appropriate substrate and environmental conditions (Ozenda and Clauzade, 1970) . A mixture of four lichen compounds: atranorin, stictic acid and usnic acid, donated by the Koch Light Laboratory, plus norstictic acid, kindly provided by Dr Martínez (Universidad de Navarra, Pamplona, Spain), was used as a control for the laboratory studies. All these lichen substances normally occur in the thallus ofParmelia conspersa (Culberson, 1969) .
Granite (from Bustarviejo, Madrid) and gneiss (from Miraflores de la Sierra, Madrid) as well as albite, orthoclase, biotite, muscovite and quartz, all ground to a particle size ranging between 1 -2 and 430 ¡j.m, were used in all experiments. The mineral samples were washed in O-002 N hydrochloric acid for 2 h following the method of Schatz (1963) to remove exchangeable bases.
Methods
In order to carry out our investigation of the nature and composition of the mineral content of the substrate at the interface between acid rocks and the lichen thalli, we carefully scraped the rock surface of the colonized granite or gneiss to obtain an adequate lichen-mineral mixture. Organic material was eliminated by boiling this mixture several times in 80% hydrogen peroxide solution. The samples thus obtained were studied by both X-ray diffractometry and electrón microscopy.
The relevant X-ray powder diffraction patterns, unless otherwise stated, were obtained by means of a PX 1050 equipped, Philips goniometer fitted with a copper target and a nickel filter. The samples were prepared according to the powder method, the minerals identified by means of the standard ASTM tables (now known as the PDF [Powder Data File] ). In order to investígate the reaction between lichens and rocks under controlled conditions, the lichen thalli were cleaned, dried and crushed. 0-5 g of the treated material was then added to flasks containing 15 mi of demineralized, distilled and sterile (DDS) water, and shaken for 2 days at 25°C in a rotary shaker set at 250 rev/min. Supersaturated solutions of the mixture of four lichen compounds were obtained by shaking in the same way. Insoluble material was eliminated by filtration by means of Milipore filters of 0-45 ¡j.m pore size.
Following this, 500 g of silicate material, either granite, gneiss, quartz, albite, orthoclase, biotite or muscovite, was added to the prepared flasks and agitation continued for 96 h at the same temperature. Samples were then filtered through Milipore filters of 0-45 ¡¿m pore size and the filtrates analysed spectrophotometrically by means of a Beckman mod. DB-G spectrophotometer. Their pH was determined, aluminium, magnesium and iron contents of the extracts ascertained with an atomic absorption spectrophotometer, and the calcium concentration determined by a flame photometry method. Coloured metal complex formation was determined by subtracting the percentage transmittance valúes (between 700 and 320 ¡xm) obtained after 2 h incubation (7*0) of minerals with lichen extracts or the artificially compounded mixture of lichen substances from the same valúes obtained at the end of the treatment, that is, after 96 h agitation (T4). Curves were also plotted in the same way for control samples which contained only silicate material and DDS water. The blanks were made up from the same mixture but without the mineral being tested.
The insoluble material retained on the filter was examined with a EM 300 Philips electrón microscope and by X-ray powder diffractometry following the elimination of lichen fragments by boiling in 80% hydrogen peroxide solution.
Sterility controls monitoring fungal and bacterial contamination showed valúes not exceeding 30 colonies/ml.
Resulta
Preliminary observations, using electrón microscopy and X-ray powder diffractometry (Figs 1 C, 2B) , established that the granite and gneiss samples used in the present study were devoid of any detectable extraneous clay contaminants. Such information is essential in order to correlate and assess lichen activity and its role in the alteration of rock surfaces. Examination of the interface between the thallus of Parmelia conspersa and its granite substrate showed the presence of kaolinite (Fig. IB ) of aboutO-5 p.m partióle size (Píate 1A), halloysite crystals (Píate IB) and amorphous silica (Píate 1C). When Parmelia conspersa was associated with gneiss, amorphous silica and individual halloysite crystals (Píate ID) were noted. In some samples the surfaces of both micas and chlorites (detected only by electrón microscopy) were etched.
The most frequent newly formed mineral at the interface between Rhizocarpon geographicum and its granite substrate was halloysite (Fig. 1A ). In addition, the micas (Píate 2A) and feldspars showed alteration.
On several occasions twinned crystals of goethite (a -FeOOH) (Píate 2B) were observed. With the same lichen on gneiss, the presence of halloysites as well as micas with altered surfaces (Píate 2C) and feldspars were recorded.
Conversely, no alteration to the substrate could be detected under the thalli of Umbilicaria pustulata and all minerals recorded were characteristic of the natural, non-lichenized surfaces of the samples.
Relative to the findings outlined above, a series of laboratory experiments was designed to determine whether similar alterations in rocks and minerals could be initiated under laboratory conditions. Control experiments, using DDS water and biotite, muscovite or gneiss showed that although there was a slight complex formation which could be detected spectrophotometrically with these rock types, no such phenomenon could be demonstrated in the case of granite, quartz, orthoclase or albite treated in the same way. When a mixture of four lichen substances, atranorin, usnic acid, stictic acid and norstictic acid, was incubated with either rocks or minerals (see Figs 3, 4, 5) the ensuing results were very similar to those obtained by using stictic acid alone, confirming that this acid was the most active in the processes of rock and mineral degradation in the samples tested (Ascaso and Galvan, in press).
When fragments of the thallus of Parmelia conspersa are allowed to react with quartz ( Fig. 3A) , albite (Fig. 3B) , biotite ( Fig. 4A) granite (Fig. 5A) or gneiss (Fig. 5B ), the results obtained for low wavelengths are similar to those given by stictic acid alone. This suggests that this lichen acid may be the one which is mainly responsible for coloured complex formation in the material studied. However, at higher wavelengths the correlation is less satisfactory suggesting the presence of one or more additional active compounds occurring in Parmelia conspersa which are not included in the lichen substance mixture utilized in the present studies. The results obtained with Umbilicaria pustulata also showed coloured complex formation, the curves having a máximum absorbance between 350 nm and 500 nm (see Figs. 3, 4, 5) ; muscovite proved the only resistant mineral (Fig. 4B) .
As the thallus of Rhizocarpon geographicum universally contains mineral fragments, the results obtained with this species should be treated with some caution. In any case it was not possible to obtain sufficient quantities of this lichen and for this reason its reactions at the interface have not been studied. However, it should be noted that this species is able, under experimental conditions, to induce coloured complex formation with most of the minerals used.
The pH of the extracts obtained by shaking the lichens alone in water ranged from 5-1 for Rhizocarpongeographicum to 7-8 for Umbilicariapustulata. For minerals and rock samples alone the valúes ranged from 6-7 for gneiss to 7-8 for orthoclase (Ascaso and Calvan, in press).
When aqueous suspensions of Umbilicaria pustulata were shaken with silicates, the pH of the extracts was always above 8-0 whereas with Rhizocarpon geographicum the range was conspicuously lower, from 4-9 to 5-2.
The spontaneous reléase of aluminium, iron, calcium and magnesium from the minerals and rocks examined was only very small (see Tables 1,2 , 3,4 respectively). Greater concentrations of calcium and magnesium were detected in the médium in the presence of lichens incubated in DDS water (Tables 3, 4) . Conversely, only very small amounts of aluminium were released to the médium by lichens (Table 1) and the experimental lichen acid mixture was almost completely inactive, more so than with Parmelia conspersa. The reléase of aluminium from the quartz samples can be explained on the basis of the feldspar-like contaminants which it contains. The concentration of iron in the extracts (Table 2) was also very reduced. The reléase of iron from biotite was at the same level as the control (DDS). Orthoclase was the mineral which released the largest quantity of calcium (Table 3 ). This can be attributed to the fact that the sample of this mineral used in our experiments had a high calcium contení (of 1-96% calcium oxide). All the selected lichens released calcium ions to the médium when samples of them were shaken in DDS water. The amounts of this catión in the médium were greater at T0 than at Tt time, suggesting that calcium ions may be absorbed to the silicate material.
Biotite lost magnesium (Table 4) when incubated with any of the three lichen species. The previously determined magnesium oxide content of biotite was 5-16%. In general the results obtained in our experiments showed a similarity of behaviour for calcium and magnesium.
Samples of both treated and untreated minerals and rocks were studied both with an electrón microscope and by X-ray powder diffractometry. Untreated samples showed no traces of contamination with clay minerals. Amorphous silica was found in quartz samples treated with Parmelia conspersa (Píate 3A); this was the only case where quartz was altered. Albite was corroded by the same species of lidien, rounded forms being observed (Píate 3B) as well as the production of halloysite (Table 5) , kaolinite and silica (Píate 3C). When Rhizocarpon geographicum was incubated with albite, halloysite crystals (Table 5 ) 0-13 ¡xm in length (as measured by electrón microscopy) were detected. Electron microscopy also showed the presence of amorphous silica. Although no detectable alteration was apparent with X-ray powder diffractometry, both halloysite and amorphous silica were demonstrated by electrón microscopy when orthoclase was incubated with Rhizocarpon geographicum. No visible alterations were observed in Umbilicaria pustulata with either albite or orthoclase.
The edges of the flakes of biotite, a mica, were altered by the lichen acid mixture, Rhizocarpon geographicum and Parmelia conspersa (Píate 4A). In the latter case, halloysites (Table 6 ) and silica were also formed. Muscovite was resistant to the mixture of lichen acids but was corroded when shaken with any one of the three lichen species; it was the only mineral in which any alteration could be induced by Umbilicaria pustulata (Píate 4B). 
Alterations in mica as well as the formation of halloysite and silica were observed by electrón microscopy when Parmelia conspersa was incubated with ground granite. Gneiss samples treated with the same lichen showed halloysites (Table 7) together Table 5 conspersa with surface alterations of mica. Montmorillonite (Píate 4C), halloysite and degraded mica were all formed in samples of gneiss treated with Umbilicaria pustulata (Fig. 2A) .
Discussion
The present studies demónstrate that, in the case of the lichen species selected, fragments of thalli are more effective in inducing colour complex changes than are either combinations or single extracts of selected lichen substances (Ascaso and Galvan, in press; see also Figs 3, 4, 5). The exact reason for this has not yet been determined but it is probable that the species selected for this study contain other chelating agents. Such compounds might be allied to gluconic and galacturonic acids or perhaps some of the diverse substances that are often excreted by fungí, known to have a complex-formation ability (Stevenson, 1967; Williams and Rudolph, 1974) . The ability of the lichens used in the present survey to form coloured complexes does not seem to be directly related with the concentration of cations found in the médium. Direct determination of the reléase of cations into the médium gave results which were very difficult to interpret. It is well established that lichens are able to take up metallic ions (see e.g. Puckett et. al., 1973; James, 1973) . However, in the case of Umbilicaria pustulata, the absence of aluminium in the samples can be explained by the fact that at pH valúes above 8 aluminium is precipitated as aluminium hydroxide (Al (OH)3) and this could be retained on the filters. Experiments are in progress aimed at solving these problems. The génesis of new minerals by lichens in nature and under laboratory conditions is summarized in Table 8 . Rhizocarpon geographicum is able to genérate halloysites from feldspars both in nature and in the laboratory; although geothite is also recorded for this species in nature it was not possible to confirm its formation in the laboratory. Rhizocarpon geographicum attacks the edges of biotite. Iron musí be removed into aqueous state as indicated by our results and the experiments of Williams and Rudolph (1974) . It is not, however, detectable in solution by atomic absorption techniques ñor is it deposited as goethite as in nature. It may be absorbed on either mineral or lichen surfaces.
In nature, Parmelia compersa was found to be associated with halloysites, kaolinite and amorphous silica. In the laboratory this species is also able to genérate the same new minerals. It seems likely, in our view, that the minerals halloysite and kaolinite are formed in nature by the action of this lichen on feldspars. Amorphous silica probably originates from the three primary rock minerals, quartz, micas and feldspars. However, as the identification of amorphous oxides presents considerable difficulties further work is needed to elucidate their chemical composition.
It is not clear why Umbilicariapústula!a does not genérate new minerals in nature; under laboratory conditions montmorillonite is produced. Except at the attachment umbilicus the species is not in cióse contact with its substrate and therefore it is likely that if new minerals are formed in nature they are quickly removed by rainwater.
The results demonstrated here show that the lichens characteristic of a particular rock type are able to modify them 'in vitro' as well as 'in vivo'.
Summary
The nature of the minerals occurring at the interface between two types of acidic rocks, granite and gneiss, and the thalli of three characteristic lichens, Parmelia conspersa, Rhizocarpon geographicum and Umbilicaria pustulata, have been studied. In addition to alteration of the edges and surfaces of mica and feldspars in the rocks, amorphous silica, twinned goethite crystals (a-FeOOH), halloysites and kaolinite were noted. Cross-contamination, microbial contamination and lixiviation were eliminated in a series of rigorously controlled in vitro experiments. It is concluded that lichens are able to induce both chemical and morphological changes in rocks as well as in their mineral content.
